To investigate the diagnostic accuracy of Stratus optical coherence tomography (OCT) with its internal normative database to detect diffuse retinal nerve fiber layer (RNFL) atrophy in glaucoma subjects. METHODS. One hundred two eyes of 102 glaucoma patients with diffuse RNFL atrophy and 102 healthy eyes of 102 agematched subjects were enrolled in the Diffuse Atrophy Imaging Study. Two experienced observers graded RNFL photographs of diffuse RNFL atrophy eyes using a four-level grading system. The diagnostic performances for detecting diffuse RNFL atrophy were examined according to visual field results and RNFL photograph grading. RESULTS. Using a criterion of abnormal at the Ͻ5% level, the overall sensitivity of the Stratus OCT parameters ranged from 61.5% to 84.5%, and the overall specificity ranged from 90.2% to 99.0%. For mild, moderate, and severe diffuse RNFL atrophy, the superior quadrant had a sensitivity of 41.0%, 83.3%, and 100.0%, respectively, and the inferior quadrant had a sensitivity of 35.0%, 88.5%, and 100.0%, respectively. The highest likelihood ratios were obtained at the 11 and 12 o'clock sectors for superior RNFL and the 6 and 7 o'clock sectors for inferior RNFL. CONCLUSIONS. OCT with a normative database can detect diffuse RNFL atrophy with moderate sensitivity and high specificity. Because the sensitivity of Stratus OCT is closely related to the degree of diffuse RNFL atrophy and the visual field results, OCT with an internal normative database should be evaluated with prudence, especially in the early stage of glaucoma with diffuse RNFL atrophy. (Invest Ophthalmol Vis Sci. 2011;52:6074 -6080)
S
ince Hoyt et al. 1 initially described retinal nerve fiber layer (RNFL) atrophy in glaucoma, the evaluation of RNFL has been of vital importance for diagnosing glaucomatous optic neuropathy. Several techniques have been suggested to detect and quantify RNFL damage, such as red-free RNFL photography and modern imaging devices. Red-free RNFL photography provides a permanent and accurate record of the RNFL and can serve as a qualitative or semiquantitative reference of RNFL damage. 2 Recently, quantitative methods of imaging RNFL have been increasingly used to diagnose glaucomatous optic neuropathy. Of these, optical coherence tomography (OCT) can provide high-resolution, crosssectional images that allow in vivo measurement of tissue thickness. 3, 4 The ability of Stratus OCT to provide quantitative measurements of RNFL thickness has been documented in previous studies. [5] [6] [7] Clinically, RNFL atrophy can be divided into localized atrophy (wedge-shaped defect) and diffuse atrophy. In glaucoma, diffuse RNFL atrophy is thought to be more common than localized defects. 8 To date, several studies have focused on the performance of OCT in eyes with localized RNFL defects. 9 -11 However, limited information is available regarding the ability of OCT for identifying diffuse RNFL atrophy. This is a critical issue in clinical practice because it is often difficult to discriminate normal eyes from eyes with diffuse atrophy. 8 Recently, our group suggested that OCT RNFL thickness parameters were well correlated with the degree of diffuse RNFL atrophy. 12 We also showed that Stratus OCT had an excellent ability to distinguish normal from diffuse RNFL atrophy. However, with its internal normative database, diagnostic accuracy of Stratus OCT to detect diffuse RNFL atrophy is still unknown. Because general ophthalmologists tend to rely on the classification based on its intrinsic normative database, 13 it is of clinical importance to investigate this issue.
In this study, we investigated the diagnostic sensitivity and specificity of Stratus OCT with its internal normative database for the detection of diffuse RNFL atrophy.
METHODS
This study is a part of the Diffuse Atrophy Imaging Study, which enrolled glaucoma patients with diffuse RNFL atrophy and healthy subjects at the Glaucoma Clinic of Seoul National University Boramae Hospital. Details of the study design were published elsewhere. 12 This study was approved by the Institutional Review Board of the Seoul National University Boramae Hospital and conformed to the Declaration of Helsinki. Informed consent was obtained from the subjects after explanation of the nature and possible consequences of the study. In cases in which both eyes of a subject were eligible for the study, only one eye was randomly chosen for inclusion.
(D) and astigmatism within Ϯ3.00 D, open anterior chamber angle, good quality of color disc photography and red-free RNFL photography, and reliable visual fields (Ͻ33% false positives, Ͻ33% false negatives, and Ͻ20% fixation losses). All subjects underwent a complete ophthalmologic examination, including visual acuity, manifest refraction, intraocular pressure (IOP) measurements by Goldmann applanation tonometry, slit-lamp examination, gonioscopy, dilated fundus examination, color sequential stereo disc photography and red-free RNFL photography (TRC-50IX; Topcon, Tokyo, Japan), Swedish interactive thresholding algorithm (SITA) 30 -2 perimetry (Humphrey Field Analyzer II; Carl Zeiss Meditec, Dublin, CA), and OCT (Stratus OCT; Carl Zeiss Meditec). All examinations were conducted within a 3-month period.
Exclusion Criteria for the Diffuse Atrophy Imaging Study. Participants were excluded if they had a history of intraocular surgery other than uncomplicated cataract surgery. Also excluded were all subjects with nonglaucomatous secondary causes of elevated IOP (e.g., uveitis, trauma), other intraocular eye diseases, or other diseases affecting the visual field (e.g., diabetic retinopathy, retinal vein occlusion, ischemic optic neuropathy, pituitary lesions, and demyelinating diseases) or with diseases that could affect the peripapillary area where OCT measurements are obtained (e.g., large peripapillary atrophy, chorioretinal coloboma, and peripapillary staphyloma).
Study Subjects and Controls. Diffuse RNFL atrophy eyes were defined as those having a generalized loss of RNFL visibility of the upper or lower retina without localized wedge-shaped RNFL defects regardless of their width. 12 To be eligible for the study, patients had to have glaucomatous optic neuropathy defined according to the following criteria: characteristic glaucomatous optic nerve head damage such as cup/disc asymmetry between fellow eyes of greater than 0.2, rim thinning, notching, or excavation and no neurologic disorder that could affect the optic nerve. Two glaucoma specialists (JWJ, SHK) assessed the stereo optic disc photographs in a masked fashion. Each observer estimated the horizontal and vertical cup-to-disc ratios on the basis of the contour of the cup using the color disc images. The mean value of both observers was used as the final grade. In addition, the presence of glaucomatous optic neuropathy was determined by a consensus agreement between both observers.
Eyes with diffuse RNFL atrophy were divided into two groups: eyes with diffuse RNFL atrophy, accompanied by normal standard automated perimetry results (group 1, preperimetric diffuse RNFL atrophy group), and eyes with diffuse RNFL atrophy, accompanied by glaucomatous visual field defects in the corresponding hemifield location (group 2, perimetric diffuse RNFL atrophy group).
Healthy control eyes had an IOP of Յ21 mm Hg with no history of increased IOP, an absence of glaucomatous disc appearance, no visible RNFL defect according to red-free RNFL photography, and a normal visual field by standard automated perimetry. Healthy control subjects who were age-matched with subjects of diffuse RNFL atrophy were selected for analysis.
Diagnostic Tests
Red-free RNFL Photography and Grading Methods for Diffuse RNFL Atrophy. Red-free RNFL photographs were acquired using a digital fundus camera after maximum pupil dilation. Fifty-degree views of the fundus, carefully focused on the retina using the built-in split-line focusing device, were obtained and reviewed on an LCD monitor. 10, 11, 14, 15 Evaluation of RNFL photographs was completed using a semiquantitative method described by Quigley et al. 16 The brightness, texture, and covering of blood vessels by nerve fibers in the inferior and superior poles were assessed to provide a semiquantitative score for diffuse RNFL damage. In this study, each photograph was assessed by two graders, in a random order and masked fashion, who had no knowledge of the clinical information. Any disagreements were resolved through discussion, and, if necessary, a third grader was consulted. Based on these features, diffuse atrophy was divided into mild (D1), moderate (D2), and severe (D3) grades. A score of D0 indicated healthy nerve fiber, whereas a score of D3 indicated severe RNFL damage, with clearly visible blood vessels and no visible RNFL fibers. For each method, superior and inferior arcuate bundles were scored separately. Our previous study confirmed a substantial interobserver agreement in this assessment ( ϭ 0.760 and 0.777 for superior and inferior RNFL areas, respectively).
12
Optical Coherence Tomography. Stratus OCT was performed using a previously described technique.
3,9 -11,14,15 Subjects were measured using the peripapillary fast RNFL scan of Stratus OCT, analyzed with software version 4.0. Only well-focused images, signal strength Ն6, and the presence of a centered circular ring around the optic disc were included in the analyses. If more than two OCT images were obtained, those of higher signal strength were selected for analysis. For securing centration, we selected the subjects with good fixation and used the repeat mode of the internal fixation technique constant for each scan.
The following OCT parameters were used in the analysis: average, quadrant, clock-hour RNFL thicknesses, and temporal-superior-nasalinferior-temporal (TSNIT) thickness graphs. Right eye orientation was used for documentation of the quadrant and clock hour measurements. Twelve o'clock corresponds to the superior region, 3 o'clock corresponds to the nasal region, 6 o'clock corresponds to the inferior region, and 9 o'clock corresponds to the temporal region for both right and left eyes. For each parameter, the Stratus OCT software provides a classification (within normal limits, borderline, or outside normal limits) based on comparison with an internal normative database. A parameter is classified as outside normal limits if its value falls lower than the 99% confidence interval (CI) of the healthy, age-matched population. A borderline result indicates that the value is between the 95% and 99% CI, and a within-normal-limits result indicates that the value is within the 95% CI.
Visual Field Testing. Visual field analysis was performed with
the SITA standard of the perimeter (Humphrey Field Analyzer II 750; Carl Zeiss Meditec) using the central full-threshold program 30 -2. Glaucomatous visual field loss was defined as the consistent presence of a cluster of three or more non-edge points on the pattern deviation plot with a probability of occurrence in Ͻ5% of the healthy population (P Ͻ 5%), with one of these points having the probability of occurring in Ͻ1% of the healthy population (P Ͻ 1%), a pattern standard deviation with P Ͻ 5%, or a glaucoma hemifield test result outside normal limits. Visual field defects had to be repeatable on at least two consecutive tests at two separate visits with repeatable location of defect. Visual fields were evaluated for reliability and excluded if either the false-positive or the false-negative rate was Ն33% or the fixation loss was Ն20%.
Statistical Analysis
Sensitivity and specificity of the Stratus OCT parameters were tested by comparison with the internal normative database. Tested parameters were the global average RNFL thickness at the 5% and 1% levels, Ն1 quadrant abnormal at the 5% and 1% levels, Ն1 clock hour abnormal at the 5% and 1% levels, and any segment abnormal at the 5% and 1% levels in the TSNIT thickness graph. Segments abnormal at the 5% and 1% levels in the TSNIT thickness graph indicated those of the TSNIT thickness graph located below the yellow band (outside the 95% normal limit) and in the red band (outside the 99% normal limit).
For the various OCT parameters, the likelihood ratios (LRs) and interval LRs were calculated. Several cutoff values were arbitrarily created for the interval LRs. The methods regarding the LRs have been described elsewhere in detail. 7, 17, 18 According to the classification suggested by Jaeschke et al., 18 LRs higher than 10 or lower than 0.1 would be associated with large effects on posttest probability, LRs from 5 to 10 or from 0.1 to 0.2 would be associated with moderate effects, LRs from 2 to 5 or from 0.2 to 0.5 would be associated with small effects, and LRs closer to 1 would be insignificant. The 95% CIs for LRs were calculated using the method by Simel et al. 19 All analyses were performed using statistical analysis software (SPSS for Windows, version 19.0; SPSS Inc., Chicago, IL).
RESULTS

Study Subjects
We analyzed 102 eyes of 102 patients with diffuse RNFL atrophy and 102 healthy eyes of 102 age-matched subjects who fulfilled the inclusion and exclusion criteria. Details of the qualifying process were published elsewhere. 12 In brief, 431 eyes of 431 subjects (247 glaucoma patients and 184 healthy control subjects) were initially enrolled. In glaucoma subjects, 16 eyes with unacceptable OCT scans and 129 eyes with localized defect or ambiguous information in RNFL photographs were excluded. Of the control subjects, 102 eyes of 102 subjects who were age matched with subjects of diffuse RNFL atrophy were selected. Mean age was 63.1 Ϯ 12.0 years in the diffuse RNFL atrophy group and 63.2 Ϯ 12.3 years for normal group. Sex, refraction, and initial IOP were similar between the healthy subjects and those with diffuse RNFL atrophy. Mean deviation of white-on-white perimetry was Ϫ0.28 Ϯ 1.78 dB for the healthy group and Ϫ8.27 Ϯ 8.55 dB for diffuse atrophy group. In this study, 91.2% of the OCT images had a signal strength Ն7 (Table 1) .
Sensitivity, Specificity, and Likelihood Ratios for OCT Parameters
In the diffuse atrophy group, 36 eyes showed superior RNFL atrophy and 32 eyes showed inferior RNFL atrophy, according to red-free fundus photography. Thirty-four eyes had diffuse RNFL atrophy at both the superior and the inferior areas. There were 136 areas of diffuse RNFL atrophy in total. Of these 102 eyes, 27 eyes and 75 eyes, respectively, were classified as having preperimetric diffuse RNFL atrophy (group 1) and perimetric diffuse RNFL atrophy (group 2).
The overall sensitivity and specificity of Stratus OCT for the detection of diffuse RNFL atrophy are detailed in Table  2 . Using a criterion of abnormal at the Ͻ5% level, the overall sensitivity of the Stratus OCT parameters ranged from 61.5% to 84.5%, and the overall specificity ranged from 90.2% to 99.0%. The highest sensitivity was yielded with the criterion of the TSNIT thickness graph abnormal at the 5% level (a sensitivity of 84.5% and a specificity of 90.2%), followed by that of the Ն1 clock hour abnormal at the 5% level (a sensitivity of 82.4% and a specificity of 90.2%). Table 3 presents the diagnostic accuracy of Stratus OCT for detecting diffuse RNFL atrophy with regard to its visual field status. For preperimetric diffuse RNFL atrophy, the sensitivity of Stratus OCT was relatively low, ranging from 12.9% to 54.8%, with a criterion of abnormal at the Ͻ5% level. For perimetric diffuse RNFL atrophy, however, the sensitivity of Stratus OCT ranged from 74.4% to 92.3%. Table 4 shows diagnostic performances of Stratus OCT for different grades of diffuse RNFL atrophy. The severity of RNFL damage had a significant influence on the sensitivity of Stratus OCT. For grade D1 atrophy, using a criterion of abnormal at the Ͻ5% level, the sensitivity of Stratus OCT ranged from 25.4% to 62.7%; however, for grade D2 atrophy, the sensitivity ranged from 74.0% to 98.0%. For grade D3 atrophy, the sensitivity of overall Stratus OCT parameters was 100%. Table 5 presents the diagnostic sensitivity and specificity of the various OCT RNFL parameters. A similar pattern was seen when the superior and inferior RNFL areas were analyzed separately. For grades D1, D2, and D3 atrophy, the superior quadrant had a sensitivity of 41.0%, 83.3%, and 100.0%, respectively, and the inferior quadrant had a sensitivity of 35.0%, 88.5%, and 100.0%, respectively.
The LRs with their 95% CIs were calculated for the Stratus OCT parameters after comparison with the intrinsic OCT, optical coherence tomography; RNFL, retinal nerve fiber layer; TSNIT, temporal-superior-nasal-inferior-temporal.
normative database ( Table 6 ). The LRs of outside-normal limits ranged from 3.00 to infinity, and those of borderline results ranged from 1.50 to 21.00. The LRs of within-normal limits results ranged from 0.37 to 0.98. For the superior RNFL area, the highest LRs at the Ͻ5% level were obtained at the 12 and 11 o'clock sectors. For the inferior RNFL area, the highest LRs at the Ͻ5% level were obtained at the 6 and 7 o'clock sectors.
Interval LRs with their 95% CIs were also evaluated for the Stratus OCT superior and inferior quadrant parameters (Table 7) . Superior thickness Յ80 m or Ͼ120 m and inferior thickness Յ100 m or Ͼ140 m were associated with moderate to large effects. Other test results were associated with small or insignificant effects on posttest probabilities of disease.
DISCUSSION
This study was designed to evaluate the diagnostic performance of Stratus OCT with its internal normative database to detect diffuse RNFL atrophy. This study has found that Stratus OCT can detect diffuse RNFL atrophy with moderate sensitivity and high specificity. However, the diagnostic performance with a normative database is significantly influenced by the severity of glaucoma.
In this study, the overall sensitivity of the Stratus OCT parameters ranged from 61.5% to 84.5%, using a criterion of abnormal at the Ͻ5% level. However, for the eyes with diffuse RNFL atrophy and corresponding visual field defect, the sensitivity of Stratus OCT increased, ranging from 74.4% to 92.3%. These results are similar to those of the earlier studies on the performance of OCT for detecting glaucoma with manifest visual field defects. Budenz et al. 20 reported that the sensitivity of Stratus OCT for perimetric glaucoma ranges from 84% to 89%, using a criterion of abnormal at the Ͻ5% level. A study performed by our group obtained a sensitivity of 85.9% and a specificity of 97.4% for detecting localized RNFL defects accompanied by corresponding visual field defects. 9 However, the direct comparisons are limited because the included subjects and the criteria for defining the sensitivity and specificity are different from those of the present study.
The present study showed that the current Stratus OCT parameters are not sensitive enough to identify diffuse RNFL atrophy without corresponding visual field defects. The highest sensitivity was 54.8%, which was obtained from the parameters of Ն1 clock hours and TSNIT thickness graph. Our study showed a generally higher performance than that of the previous study, which reported the highest sensitivity of 40.8% for identifying the preperimetric localized RNFL defects. 11 For detecting early RNFL defects, the number of scan points, which affects the diagnostic ability of imaging devices, is an important factor. We speculate that more scan points would be located in the diffuse RNFL atrophy area than in the small localized defects, resulting in the relatively higher diagnostic ability for diffuse RNFL atrophy than localized defects.
It is well known that the diagnostic performance of an imaging device is heavily dependent on the severity of OCT, optical coherence tomography; VF, visual field; RNFL, retinal nerve fiber layer; TSNIT, temporal-superior-nasal-inferior-temporal. glaucomatous damage in the subjects studied. Medeiros et al. 21 demonstrated that the severity of visual field loss has a significant influence on the sensitivity of the imaging devices. Kanamori et al. 22 compared OCT findings in normal eyes, eyes with ocular hypertension, eyes with suspected glaucoma, and eyes with glaucoma. In that study, the highest sensitivity for the glaucoma suspect group was 53% with a fixed specificity of 90%, whereas a sensitivity of 74% at a specificity of 91% was obtained in the early perimetric glaucoma group based on the OCT parameter of inferior quadrant. Nouri-Mahdavi et al. 23 reported better discriminating ability of OCT for the detection of early glaucoma than for suspected glaucoma (defined by disc changes with normal visual fields). Our results confirmed that the sensitivity OCT, optical coherence tomography; RNFL, retinal nerve fiber layer. * The sensitivity and specificity of OCT parameters were tested using the criterion of abnormal at the 5% level. of Stratus OCT tends to increase with increasing severity of RNFL damage, which corresponded well with the results of the previous studies. The LR represents the magnitude of change from a physician's initial suspicion of disease (pretest probability) to the likelihood of disease after the test (posttest probability). 18 The report of diagnostic LRs for comparison with normative databases is more clinically useful than sensitivities and specificities because LRs provide information that can be more readily incorporated into clinical practice. This study confirmed that the highest LRs were obtained at the 6 and 7 o'clock sectors for inferior RNFL and the 11 and 12 o'clock sectors for superior RNFL, suggesting that these sectors are the best parameters for the discrimination between healthy eyes and eyes with diffuse RNFL atrophy. However, our results showed that the LRs of within-normal limits results ranged from 0.37 to 0.98, indicating that these parameters were generally associated with small changes in probability. Depending on the pretest probability of disease and the clinical situation in which the test is used, however, even small changes in probability may be clinically relevant. 7 In the previous study, we evaluated quantitatively the degree of diffuse RNFL atrophy by using continuous RNFL thickness measurements, which showed that Stratus OCT had an excellent ability to distinguish normal from diffuse RNFL atrophy. 12 The present study has focused on the clinical usefulness of the imaging device. In clinical practice, general ophthalmologists are likely to rely on the classification based on the internal normative database. Our results showed that Stratus OCT with a normative database had relatively excellent diagnostic performance for diffuse atrophy with visual field defects. However, eyes with early glaucoma without visual field defects or eyes with mild diffuse atrophy can be missed if one relies entirely on the classification based on the normative database. On the other hand, our results showed relatively high specificity even in the early stage of glaucoma, suggesting that abnormal classification is likely to indicate the presence of glaucoma.
RNFL thickness is variable in healthy subjects; an approximately two times difference is noted between the 5th percentile and the 95th percentile in a normative database. Because of intersubject variability, the OCT-measured RNFL thickness in patients with early glaucoma, even though it is in the decreasing state, can be classified as normal. This is a limitation of any classifier with a specific cutoff because it compares a patient's RNFL thickness value with a normative database instead of with the patient's previous healthy RNFL thickness. This inherent limitation might explain the relatively low sensitivity of OCT for the detection of early-stage glaucoma.
The present study clearly demonstrates the diagnostic ability of Stratus OCT for detecting diffuse RNFL atrophy. Our results have confirmed that the Stratus OCT, with its normative database, can detect diffuse RNFL atrophy with moderate sensitivity and high specificity. Moreover, this technology has some advantages because it provides completely objective and quantitative data regarding peripapillary RNFL status. Because disease severity has a significant influence on the diagnostic performance of imaging devices, clinicians should interpret OCT with prudence, especially in the early stage of glaucoma with diffuse RNFL atrophy. 
